Introduction
Avian influenza is a serious disease of poultry and some mammals caused by certain serotypes of the influenza A virus (AIV), a member of the family Orthomyxoviridae. Ducks and shorebirds are the global natural hosts in which AIVs usually cause sub-clinical infections (Alexander, 2000) . Serotypes are classified by the combination of two major antigens on the virion, namely hemagglutinin (H) and neuraminidase (N). Until recently, 16 H-types and nine N-types were acknowledged, but a 17th and 18th Htype plus a 10th and 11th-N type were recently discovered in bats (Tong et al., 2012 (Tong et al., , 2013 . AIV replicates in the respiratory and intestinal tracts of birds and infection typically follows the fecal-oral or aerosol route of transmission. Detection of the presence of viruses of the H5 or H7 serotypes in poultry or free-living birds are notifiable to the World Organization for Animal Health/ Office International des Epizooties (OIE) and are thus termed notifiable avian influenza (NAI), since the natural low pathogenic forms of H5 and H7 serotypes are prone to mutation in poultry to the highly pathogenic form (HPAI) that causes avian influenza (OIE, 2012a) . Since a few exceptions to the aforementioned rule have been documented, notably with H10 serotypes, the disease avian influenza is defined as:
. . . an infection of poultry caused by any influenza A virus of the H5 or H7 subtypes or by any influenza A virus with an intravenous pathogenicity index 1 greater than 1.2 (or as an alternative at least 75% mortality). . .viruses can be divided into high pathogenicity avian influenza viruses (HPAI) and low pathogenicity avian influenza viruses (LPAI) (OIE, 2012a) The pandemic caused by the avian-origin HPAI H5N1, arising in East Asia in 2003 and spreading westwards since 2005 to reach Europe and Africa, has infected at least 630 humans with 375 fatalities as of 4 June 2013. It remains endemic in Bangladesh, Cambodia, China, Egypt and Viet Nam (WHO, 2013) . The potential role of wild birds in disseminating the disease westwards was a key research focus at the height of the epidemic (Breed et al., 2010) . Pigeons and doves, members of the family Columbidae, have once again come under the spotlight for their potential role as bridge species in the ecology of avian influenza, i.e. their potential to transmit viruses between poultry and migratory waterfowl populations, or alternatively to transmit viruses between poultry sites during disease outbreaks. The latest global concern is a poultry-origin LPAI H7N9 strain, recently detected in healthy pigeons. As of 1 December 2013, this strain has already caused 139 laboratoryconfirmed human cases with 47 fatalities in China (Li et al., 2014) .
Feral pigeons and doves naturally associate with environments where food, water and nesting sites are available, leading to close association with humans and poultry in cities and on farms. Pigeon racing is a popular and growing sport, increasingly so in East Asia, and a multi-million dollar industry. Large international races attract competitors from all over the world, with prizes of up to millions of United States dollars ($) in prize money. Post-race auctions of winners for breeding purposes frequently fetch high prices, for example, the South African record price paid for a racing pigeon is over $80,000 (South African Million Dollar Pigeon Race, http:// info.scmdpr.com). Birds imported internationally for races spend at least one month in quarantine in the race host country. When quarantine is lifted, pigeons begin their free-flight training and during this period they may come into contact with a variety of other wild birds and free-ranging poultry and contaminated environments. The OIE Terrestrial Code (OIE, 2012b) provides international guidelines to Veterinary authorities regarding importation of poultry and non-poultry avian species, their eggs, semen or other products. Racing pigeons are specifically excluded from the definition of ''poultry'' (Chapter 10.4, OIE, 2012b ) with regard to control of infection with viruses of notifiable avian influenza (LPAI H5 or H7 or any other LPAI strain), but the immediate notification to the OIE of the detection of HPAI in any bird, including racing pigeons is prescribed.
All orders of birds have been demonstrated to be susceptible to infection with AIVs, but they display a spectrum of susceptibility as well as severity of symptoms according to the respective order. Gallinaceous poultry (chickens, turkeys, quail and guinea fowl) are considered to be highly susceptible to infection with HPAI strains, producing severe morbidity, mortality, gross and histological lesions. Ducks, gulls, starlings and pigeons are considered least susceptible, and display few or no clinical signs (Perkins and Swayne, 2003) . Although some excellent reviews of AIV in pigeons and doves have been compiled in the past (e.g. Kaleta and Hö nicke, 2004) , a spate of new experimental infection and surveillance studies following the HPAI H5N1 epidemics have been published in subsequent years. This review collates the latest data and examines the cumulative results of studies conducted since the 1940s to consider the risks posed by columbids as reservoirs and vectors of AIV. 1 The intravenous pathogenicity index (IVPI) is a clinical assessment of the virulence of AIVs in chickens. IVPI scores range from 0.0 (apathogenic) to a maximum of 3.0 (maximum pathogenicity) (OIE Terrestrial Manual, 2012).
Field surveillance of pigeons and doves for AIVs
The association of free-flying pigeons with urban areas, markets and farms where they are drawn by the availability of food, and their contact on poultry farms and in live bird markets with infected poultry have resulted in numerous targeted surveys to define their role in the ecology and transmission of AIV. Table 1 presents field surveillance data for columbids, both free-living and those from markets, listing species sampled, number of birds tested, the region and whether there were known outbreaks of HPAI in poultry in the vicinity at the time. The test method is indicated as either antibody or viral detection. Viral detection refers either to detection of the presence of viral RNA via molecular methods such as reverse-transcriptase PCR (RT-PCR) or inoculation into embryonated specific pathogen free (SPF) chicken eggs for virus isolation, or cell culture. Positive viral detection represents a current infection, whereas antibody detection methods (by agar gel precipitin, hemagglutination inhibition [HI] assay or blocking enzyme-linked immunosorbent assay [ELISA] ), detect the presence of AIV-specific antibodies in blood serum and may indicate either a recent or a prior exposure to the virus.
Countries from four continents are represented in the cumulative surveillance results (Table 1) . A total of 2046 apparently healthy columbids were sampled and tested for presence of AIV-specific serum antibodies, of which 164/ 2046 (8.01%) were seropositive for AIV but only 3/811 (0.37%) were identified as H5-specific specific antibodies that correlated with a H5 poultry outbreaks in the region at the time (Singsanan-Lamont et al., 2011) . In fact, 818/2046 (40%) of the samples in Table 1 had been collected in the vicinity of active NAI outbreaks in poultry at the time (South Africa, Germany and Thailand).
Numerous methods were used to detect serum antibodies in these studies. Some studies (Zupancic et al., 1986; Dovć et al., 2004; Khawaja et al., 2005; Dimitrov et al., 2010; Kohls et al., 2011) applied the OIErecommended HI method (OIE, 2012a) . This standardized assay uses chicken red blood cells and viruses that are cultivated in chicken eggs as reagents. Chicken sera rarely give non-specific reactions, and the test is generally a sensitive assay in this specie, but sera of non-chicken species may produce non-specific agglutination reactions and thus pre-treatment steps are advised, specifically preadsorption of the columbid sera with chicken erythrocytes. In the aforementioned studies, 92/1082 (8.5%) of the columbid sera tested positive by the OIE-recommended HI method for AIV-specific antibodies. The outlier in this group is the study by Zupancic et al. (1986) , accounting for all 92 positives, which were H1 serotype specific. These positives were from 92/391 urban pigeons sampled in Zagreb, and the authors suggest that the H1 serotype was transmitted from humans to pigeons, since none of the investigated free-ranging wood pigeons they investigated showed seroconversion (data not shown in Table 1 ). Interestingly, the AIV receptor profile of pigeons mimics those of humans, as discussed in a subsequent section.
Where the OIE method was cited as the serological test method, it was assumed that the pre-adsorption step was included to eliminate non-specific hemagglutinin reactions, but Mohammadi et al. (2010) specifically excluded pre-adsorption in their described HI method, resulting in 17/50 (43%) HI positive sera, which are possibly false reactors. One study applied the WHO-recommended HI method (2014) (Jia, 2007) which incorporates a receptordestroying enzyme (RDE) to eliminate false positive reactions, and 50/205 (24.39%) HI positive sera were reported. bELISA detected 2/954 (0.21%) seropositives, AGID 0%, and a modified serum neutralization test 3/189 (1.5%). If the results of the Zupancic and Mohammadi studies are excluded, the cumulative field seroprevalence of AIV in columbids declines to just 55/2046 (2.69%), but it is likely that serological exposure to AIV was undermeasured in many of these studies because of differences in sensitivity between the various serological tests. Several of the experimental infection studies (Table 2 ) demonstrated this phenomenon.
In the viral detection studies, 6155 columbids were sampled (oropharyngeal, cloacal swabbing or organs from culls), of which only 68/6155 (1.1%) were positive for AIV. Two of these viruses were isolated from pigeons found dead (Capua et al., 2000; Li et al., 2004; Songserm et al., 2006) . 6/418 (1.4%) LPAI H7N9 viruses were isolated from healthy pigeons in China during the current LPAI H7N9 outbreak . The majority of samples, 4489/6155 (72.9%), were collected from columbids in regions experiencing NAI outbreaks in poultry at the time. A two-step nested RT-PCR assay detected a significantly higher AIV prevalence compared with virus detection by the other methods (12/50; 24%, Gronesova et al., 2009) followed by real-time RT-PCR (13/1321; 1.92%), conventional RT-PCR (2/109; 1.83%), and egg isolation (29/3882; 0.74%) but no viruses were detected using MDCK cell isolation systems (n = 189) or antigen detection kits (n = 26). Gronesova's explanation for the unusually high number of viral positives detected is the increased sensitivity of the nested typing RT-PCRs applied, however, in the personal experience of the reviewer, RT-PCRs for AIV targeting short genomic regions can yield false positive results that must be confirmed by amplicon sequencing, if not to exclude cross-contamination with the positive control used. This is especially important where the assay is not optimized, and no validation data was presented in the description of the method. On the other hand, the authors state that Slovakia is crossed by two dominant north-south and east-west bird migratory routes, and that urban pigeons may mix with these wild birds or come into contact with contaminated environments.
Since a variety of methods with variations in sensitivity and specificities were used, it is not possible to directly compare virus detection rates between different studies. RT-PCR is more sensitive than CEI because it detects viral genomic RNA fragments without a requirement for intact, infective viral particles. As an example in the difference in sensitivity, a 408/4820 (8.5%) AIV prevalence in wild ducks sampled on the Texas Gulf Coast from [2005] [2006] [2007] [2008] correlated to a 131/4820 (2.7%) prevalence on CEI for the same samples (Ferro et al., 2010) . The use of CEI to screen columbid samples for AIV in the majority of cases probably resulted in an underrepresentation of true (2011) natural field infections. It is also known that some strains of AIV from wild birds do not readily grow in chicken eggs, presumably due to host-specific limitations (Li and Cardona, 2010) . The cumulative low AIV prevalence in field studies of columbids, namely virus detection of 1.1% and seroprevalence of 8.01% contrast the results of a study of AIV in wild aquatic birds (mostly ducks) in urbanized areas where virus positives were between 0.49% (highly urbanized) to 7.8% (low urbanized) and seropositivity varied from 52.6% (highly urbanized) to 51.5% (low urbanized) (Verhagen et al., 2012) .
Experimental infection studies of pigeons and doves
Experimental infections of poultry and other birds with AIV are per regulations (OIE, 2012a) performed within high containment biosafety level 3 (BLS3) facilities, which cause additional stress to the birds due to the highly artificial environment and frequent handling. The studies listed in Table 2 generally aimed to assess the clinical symptoms induced by the strain in question, whether or not virus was shed via fecal or oral routes, which organ systems became infected, and the risk they posed in transmitting viruses to sentinel birds. Sentinels were either healthy pigeons or chickens housed with the inoculated birds. Different pathotypes (LPAI vs HPAI), serotypes (H5, H7 H6, H9) and clades within serotypes have been assessed over the years.
Clinical symptoms
For AIV to initiate infection, it should replicate in the epithelial cells at the site of entry. In the event of viral replication the progeny viruses will infect adjoining cells and may become viremic. Cell death, functional disturbances in organs, morbidity, production of antibody, and exit of the virus via the respiratory, conjunctival and intestinal secretions would occur in the course of infection (Panigrahy et al., 1996) .
A total of 88 pigeons were inoculated with strains of LPAI and the only mortalities (3/88; 3.4%) were recorded in a study in which immuno-suppression was chemically induced (Fang et al., 2006) . All other pigeons experimentally infected with LPAI strains remained clinically healthy.
Cumulatively, 627 pigeons in 19 experimental studies were inoculated with strains of HPAI of varying doses, pathogenicity indices and clades, with only 23/627 (3.67%) mortalities. In contrast, high mortalities were recorded in infected control chickens. In 13 of these studies representing 74.64% (n = 468 birds) of all pigeons inoculated with HPAI, no birds died, few displayed clinical symptoms, and if so recovered completely before the end of the trial. In contrast, >75% of chickens inoculated with the same strains died within days of inoculation (Table 2 ). In the seven studies in which columbid mortalities were recorded (Slemons and Easterday, 1972 Pre-adsorption not performed. No clinical signs in 9 other pigeons. HI titers of 1:32 to 1:64 in 9/9 healthy pigeons, antibodies also detected by bELISA. Shedding via oropharynx and cloaca detected by rRT-PCR ranging from 13/16 on 2 dpi to 3/13 7 dpi. Virus isolation from organ pools in 2 healthy pigeons at 3 dpi. Sentinel chickens and pigeons kept with inoculated pigeons remained healthy and HI negative, rRT-PCR negative No clinical signs in pigeons. Virus isolation positive (CEI) on 2/5 pigeons infected with high dose of the 2007 strain (2-4 dpi with titers ranging from 10 2.5 EID 50 /ml to 10 1.8 EID 50 /ml. One pigeon viscera harvested on 3 dpi positive for virus isolation with titer of 10 2.5 EID 50 /ml. Second pigeon harvested positive on 2 and 4 dpi with titers of 10 1.8 EID 50 /ml. Other swabs and visceral organs negative for isolation. No significant histopathological findings. 5 pigeons inoculated with high-dose '07 strain housed for 14 days with 5 contact chickens: All contact birds remained clinically healthy; 3 pigeons necropsied on 14 dpi showed lymphoplasmacytic encephalitis, antigens detected in neurons and glial cells. HI antibody seroconversion was observed in both high-dose viruses (2/3 and 1/3; titers of 1:16 to 1:32 on d14 pi) but 0/6 HI positive in low dose groups. All chickens HI negative on 14 dpi. Yamamoto et al. (2010 Yamamoto et al. ( , 2012 A/Pigeon/Thailand/VSMU- 12 wild-caught adult pigeons: 2 groups of 6 each LPAI H5N2 virus: no clinical signs, virus recovered by MDCK plaque assay in 1/6 pigeons from 1 to 3 dpi. 5/6 bELISA positives but 0/6 HI positives for inoculated pigeons, serology not done on contact pigeons. LPAI H7N3 virus: no clinical signs, 1/6 pigeons shed virus from days 1 to 3 (chicken and blackbirds when up to day 7) at 3.5 log10 PFU/ml as determined by plaque assay. 2/6 inoculated pigeons sero-converted (bELISA) but 0/6 HI positive. Contact pigeons: 5/6 bELISA positive and 0/6 HI positive. studies conducted by Klopfleisch et al. (2006) , Yu et al. (2007) and Hayashi et al. (2011a) . Hayashi and co-workers conceded that that the reason for the high mortalities observed (5/14 of pigeons dying within a two-week period) were probably due to environmental stress and not AIV infection, since two of these mortalities were in the sham-inoculated group. None of the studies listed in Table 2 used ''SPF'' pigeons or doves (if indeed such a thing exists), so beyond appearing clinically healthy at the start of the experimental trials, the true infection status of these birds was unknown, and the presence of other concomitant pathogens that might have contributed to the severity of clinical signs or death cannot be ruled out. For example, Yamamoto et al. (2012) observed cases of intestinal capillariasis and coccidiosis in many pigeons including control birds during their experimental trials, considered incidental and unrelated to the viral infection.
During infection studies of pigeons with HPAI strains, lesions were observed or virus was detected in many organs including liver, pancreas, trachea, spleen, thymus, heart, bursa, proventriculus and intestine. Variations in severity of infection and duration were observed depending on the strain and inoculum dose (Yu et al., 2007; Jia et al., 2008; Brown et al., 2009; Smietanka et al., 2011; Phonaknguen et al., 2013) . In contrast to the sporadic distribution and variability in severity of macro and microscopic lesions and virus detection in the aforementioned organ systems, most studies found that non-suppurative encephalitis is a characteristic finding in pigeons infected with the HPAI viruses, suggesting that the central nervous system in pigeons is frequently affected by this virus, even with asymptomatic infection (Yamamoto et al., 2012; Brown et al., 2009; Klopfleisch et al., 2006; Werner et al., 2007; Jia et al., 2008; Smietanka et al., 2011; Hayashi et al., 2011a; Phonaknguen et al., 2013) . It has been suggested that in addition to paramyxovirus infection, HPAI should be included in the differential diagnosis when encephalitis is observed in pigeons (Yamamoto et al., 2012) . It furthermore stands to reason that even though a pigeon may appear clinically healthy, is not shedding virus, but still has infected internal organs, that predators and scavengers are at risk of infection. The classic example is the case of a cat in Thailand that became infected and succumbed to HPAI H5N1 after consuming a pigeon carcass from which the virus was isolated (Songserm et al., 2006) .
The only three studies that contradict the findings of the majority presented in Table 2 are those where excessive inoculation doses were used. In Klopfleisch and coworkers' study, 4/15 infected pigeons died following an inoculation dose of 10 8 EID 50 . High inoculation dose was also attributed to increased mortalities (2/5 pigeons; Brown et al., 2009 ) and increased morbidity without mortalities (Yamamoto et al., 2012) . Why do high doses of viral inoculum induce disease but intermediate and low doses, although capable of establishing infection, do not? Studies in mice with AIV strains demonstrated that the immune system mounts a strong virus-specific and nonspecific cellular immune response involving the cyotoxic T-lymphocytes to even low exposure to the virus (Powell et al., 2006) . A strong immune response is generated that is adequate to deal with the viral load reached 5 days after exposure to a small dose of virus, thereby curbing the spread of the virus and preventing clinical disease. However, after a large dose of the virus, the immune response is overwhelmed by the viral load reached at 5 days post inoculation (dpi). Increasing the dose of influenza virus increases the amount of measurable disease but does not affect the associated humoral immune response as dramatically (Powell et al., 2006; Moskophidus and Kioussis, 1998) . These studies showed that the inflammatory process provoked during exposures to very high titers of AIV contribute to the pathology observed in mice, and this is likely to be the cause of increased pathology and mortalities in pigeons inoculated with excessive viral titers too. Inoculum dose may therefore be the single biggest contributing factor to high death rates in experimental infection studies in columbids, but Smietanka and co-workers (2011) (2007) also support the theory that strain differences to contribute to the severity of disease induced in pigeons. Genetic variations in AIV nucleoproteins, matrix proteins, non-structural proteins and the polymerase complex proteins of the viruses also contribute to host range and replication fitness (Liu et al., 2009 ).
Seroconversion
Unlike Table 1 field surveillance studies, it was possible for the investigators in Table 2 infection studies to use the homologous antigen as the test antigen in HIs, which would have improved the sensitivity of the assay. Despite this, only 4/386 (12.19%) of sera tested by the OIErecommended method were HI positive, antibodies detected by bELISA were higher at 12/35 (34.28%) and the highest seropositives were detected using HIs where receptor destroying enzyme was used as pre-treatment: 34/88 (38.64%). AGP detected 3/15 (20%) positives. No serological positives were reported in the studies of Panigrahy et al. (1996) , Shell (2004) , Fang et al. (2006) , and Liu et al. (2007) , but all of these groups used the lesssensitive HI method. Antibodies were confirmed in 11 other studies listed in Table 2 , proving that infection had been established, even though most of the birds remained clinically healthy.
It is possible that low levels of AIV-specific antibodies in columbids were not detected in many of the studies listed in both Tables 1 and 2 . The HI method is the traditional method for identification of serotype-specific AIV antibodies in test sera. There is increasing data to suggest that the HI test lacks sensitivity for non-gallinaceous avian species when compared with results obtained using commercial nucleoprotein-based blocking ELISAs (Abolnik et al., 2013) . bELISA Sample to Negative (S/N) ratios of 0.159-0.162 in pigeon sera are strong positive values, whereas on HI, the same samples' H5N1-specific HI titers were 1:16 (the threshold of positivity) using the homologous H5N1 virus and negative results were obtained with two other H5N1 viruses (Smietanka et al., 2011) . Similarly, when Achenbach and Bowen (2011) monitored seroconversion to AI in pigeons, 5/6 (86%) of birds had actually seroconverted according to the bELISA results whereas the HI titers were all negative. It is likely that the immune response of pigeons to AIV exposure been under-measured in many cases.
The consensus of the studies is that HPAI viruses can successfully infect pigeons and the majority report a general lack of clinical disease symptoms. Clinical symptoms and even mortality can be induced in pigeons by inoculating very high viral doses. Some H5N1 influenza viruses caused pathological changes in respiratory organs in early stages and invaded the brain in later stages, accompanying apparent lymphatic atrophy. Although infection efficiency varies among the strains used, the results of seroconversion suggest that infection is established in columbids even in temporal or non-efficient replication cycles.
6. Viral shedding and transmission to sentinel birds: implications for columbids as ''bridge species'' For pigeons and doves to be considered a significant vectors in spreading virus between poultry, humans and migratory waterfowl, they would not only have to be easily infected but also be efficient replicators of the virus and shed the virus in high quantities either through the oropharyngeal route or via the feces. Surveys of free-flying birds across the world (Table 1) have already demonstrated that this is not the case in the field.
In the experimental infection studies (Table 2) , viral shedding was assessed by firstly testing tracheal/choanal and cloacal swabs, or tissues from pigeons sacrificed during trials, or secondly (and perhaps more importantly) the inclusion of contact sentinel species. CEI was again the method of choice for viral detection in most studies. Experimental infections of columbids inoculated with low to moderate doses (Table 2 ) demonstrated that shedding levels have been generally low, ranging from 10 2. 8À3.4 EID 50 in tracheal and 10 2.4-3.7 EID 50 in cloacal swabs (Hayashi et al., 2011a) . The routes of viral shedding varied between individual pigeons and strains in most studies. Phonaknguen et al. (2013) used a quantitative RT-PCR approach to assess shedding routes and duration. Pigeons receiving a median dose of 10 3 TCID 50 shed for up to 21 dpi from both the choana and the cloaca, and furthermore the levels expressed as copies/ml À1 Â 10 6 were significantly lower in pigeons (0.08 AE 0.16 and 0.65 AE 0.13) compared to chickens receiving an even lower dose (1 Â 10 2 TCID 50 ) (84.42 AE 10.76 and 4.86 AE 0.70). Prior to 2011 (9 studies in total that incorporated sentinel birds), not a single contact/sentinel chicken, turkey or pigeon was demonstrated to seroconvert and/ or failed to shed virus, regardless of the AIV strain or dose received by the inoculated pigeons, suggesting that the shedding levels were below the threshold of the minimal infective particles required to infect other species. The two exceptions are the studies by Achenbach and Bowen (2011) , where 5/6 contact pigeons were found to have seroconverted using bELISA (0/6 of these were positive using HI) but did not show any clinical symptoms, and the study of Phonaknguen et al. (2013) . The latter reported the isolation from sentinel chickens of an HPAI strain administered at a dose of 1 Â 10 6 TCID 50 to pigeons. The authors hypothesize that the reason for their results compared to all previous studies was insufficient time with close contact with the contaminated secretion shed through the choanal and cloaca. This seems unlikely to be the case though since chickens and pigeons were housed in close contact and shared the same food and water in other studies for up to three weeks in other studies (Werner et al., 2007; Liu et al., 2007; Smietanka et al., 2011) . The pigeons were also purchased from a local Thai commercial pigeon farm and although the birds were demonstrated to be free of H5-specific antibodies by HI testing, no other pathogens were excluded. The limitations of HI screening have already been pointed out. By applying quantitative RT-PCR, they demonstrated in an experiment that sentinel chickens contracted H5N1 from inoculated pigeons (inoculation dose 10 5 TCID 50 ). Choanal shedding in pigeons was 4.3 AE 5.0 copies/ml À1 Â 10 6 and detected from as early as 2 dpi for Group 1 and 3.9 AE 4.5 for Group 2 with shedding from 4 dpi. Transmission to chickens occurred in both cases. These elevated ''excretion'' titers from the choana contrast sharply with cloacal shedding titers in these inoculated pigeons at 0.94 AE 1.8 and 0.24 AE 0.06 copies/ml À1 Â 10 6 for the two groups, detected from 4 dpi onward. The early detection of virus and elevated titers detected in the choana of inoculated pigeons raises concerns because it cannot be excluded that communal feed and drinking water was not contaminated by residual inoculum in the pigeons, resulting in the transmission to contact chickens. Columbids with neuronal infections also discharged infectious viruses in oral or cloacal secretions, at low concentrations and for a brief duration, even in birds that became sick or died (Werner et al., 2007; Jia et al., 2008; Brown et al., 2009 ). The consensus remains that shedding levels in pigeons are below the threshold of the minimal infective particles required to infect other species.
Possible mechanisms of innate resistance of pigeons and doves to AIV infection
The first step in AIV infection is recognition and docking of the virus with specific host receptors on the cell surface. For AIVs, sialic acid (SA) molecules on the surface of epithelial cells are the binding targets of the viral hemagglutinin protein. The linkage of sialic acid to galactose, the species of sialic acid, and the anatomic distribution of sialic acids in the airways of animals all play important roles in determining the host's susceptibility and transmission efficiency of specific influenza viruses. Avianorigin AIVs have a preference for SAa2,3Gal receptors. A number of avian and mammalian species that are highly susceptible to AIVs such as gallinaceous poultry, ducks, pigs, horses and others apparently predominantly carry SAa2,3-Gal in the upper respiratory and gastrointestinal tracts. In contrast, humans have primarily SAa2,6Gal in the upper respiratory tract and are relatively insusceptible to AIV infection (Gambaryan et al., 1995) . Liu et al. (2009) determined by lectin staining that the epithelial surfaces of the pharynx, trachea, bronchus and bronchiole of pigeons contained mainly SAa2,6Gal. Little or no SAa2,3Gal was found in the pigeon respiratory tract except in lung alveolar cells. The rectum of pigeons contained predominantly SAa2,3Gal. They proposed that AIV failed to replicate efficiently in pigeons and did not transmit virus to chickens infected experimentally due to the restriction in compatible receptor availability. The species of sialic acid NeuAc and NeuGc were experimentally demonstrated to play less of a role in establishing AIV infection in pigeons.
Lack of replication fitness of the virus in columbids, involving both host-specific co-factors (Moncorgé et al., 2010) and viral proteins of the replication complex (Wasilenko et al., 2008) would contribute to host resistance by restricting replication efficiency, and indeed Perkins and Swayne (2003) demonstrated a direct association between viral replication and the severity of disease in different avian hosts. Innate immune cell mechanisms are vital in controlling infections once the virus has achieved cell entry. Hayashi et al. (2011a) monitored cytokine responses in pigeons in response to infection with two HPAI H5N1 strains. They demonstrated that Pi04 replicated in the lungs more efficiently than T.Sparrow05, but did not induce excessive expressions of innate immune and inflammatory-related genes in the lungs of the infected pigeons. They postulated that pigeons could have tolerance toward Pi04 infection because of their moderate host cytokine responses following infection.
Tissue organ systems have proven useful in analysing local influenza virus growth characteristics in the presence of innate immune cell mechanisms. Petersen and coworkers (2012) demonstrated that LPAIV-infected pigeon tracheal organ cultures released significantly lower virus titers compared to the other bird species tested (chicken, turkey, Pekin duck) and did not reveal significant signs of infection-mediated ciliostasis in pigeons. Lectin staining of chicken, duck and turkey tracheas revealed the presence of both SAa2,3Gal and SAa2,3Gal in the respiratory epithelium with 90% and 20-90% positive cells respectively, depending on the age and avian species. Since pigeon tracheas contain predominantly SAa2,6Gal (Liu et al., 2009 ), Petersen and coworkers confirmed that, at least in part, the receptor differences contribute toward the ''resistance'' of columbids to AIV infections.
Species-related susceptibility or resistance is also dependent on differences in innate immune reactions. Barber and co-workers (2010) demonstrated that the retinoic acid-inducible gene I (RIG-I) is present in ducks but absent from chickens and plays a role in clearing an influenza virus infection. RIG-1 is a cytoplasmic RNA sensor, and triggering by influenza leads to production if interferon-b and expression of downstream IFN-stimulated antiviral genes. Hayashi and co-workers (2011a) demonstrated that pigeons too possess a RIG-1 gene.
Regulatory concerns

Artificial insemination as a route of AIV transmission in pigeons and doves
The ability of LPAI viruses to infect chickens through other routes besides the intranasal route has been experimentally demonstrated: hens became infected with H6N2 through inoculation via the intracloacal as well as the intraoviduct routes. However, use of an H9N2 virus failed to establish infection in either of these routes, demonstrating the importance of strain in infectious route (Pantin-Jackwood et al., 2012) . Due to the apparent innate ability of columbids to rapidly and efficiently curb AIV replication and infection, it seems unlikely that sufficiently high viral loads would be produced in pigeon semen to make this a significant route of infection, however further studies are required to clarify this. Article 10.4.18 of the OIE Terrestrial Code sets guidelines in the importation of semen of avian species other than poultry from origin countries regardless of the NAI of that country. The Veterinary authority should require an international veterinary certificate attesting that the donor birds were kept in an approved isolation facility for at least 21 days prior to semen collection; that the donor birds showed no clinical sign of infection with a virus that could be considered to be NAI during the isolation period and that the pigeons were tested within 14 days prior to semen collection and shown to be free of NAI infection (OIE, 2012b).
Vertical transmission of AIV in pigeons and doves
Despite the fact that several experimental studies and reports of natural infections prove that vertical transmission occurs in gallinaceous poultry (Cappucci et al., 1985; Bean et al., 1985; Kilany et al., 2010; Promkuntod et al., 2006; Pillai et al., 2010) , there is no evidence to suggest that this occurs in columbids, and no experimental infections to investigate transmission of AIV in pigeon or dove eggs are documented. This is a topic that requires experimental investigation for a conclusion, emphasized by the observation of mild sporadic microscopic lesions in the ovarial thecal epithelial cells of H5N1 inoculated rock pigeons (Brown et al., 2009) . For the sake of caution the OIE (Article 10.4.12 OIE, 2012b) recommendation for the importation of hatching eggs from pigeons, regardless of NAI status of the country of origin, stipulate that the veterinary authorities require an international veterinary certificate attesting the following: the parent birds must be subjected to a diagnostic test seven days prior to and at the time of the collection of the eggs to demonstrate freedom from infection with NAI; the eggs have had their surfaces sanitized according to recommended guidelines and that the eggs are transported in new or appropriately sanitized packaging materials. If the parent birds have been vaccinated against NAI, proof that it has been done in accordance with the OIE Terrestrial Manual (OIE, 2012a) and full details of the nature and date of vaccine used must be attached to the certificate.
Conclusions
The camps remain divided on conclusions of the risks posed by columbids in HPAI ecology, ranging from questionable or negligible (Panigrahy et al., 1996 (Klopfleisch et al., 2006; Jia et al., 2008; Nkwankwo et al., 2012) . Since columbids are mostly free-living (with the exception of those raised for meat and in live markets), the most pertinent question pertains to the probability that columbids are an efficient transmission or maintenance host for the intra-and inter-regional spread of the virus during outbreaks. The facts as they have emerged from the various studies are summarized as follows:
1. Columbids can and do become infected with AIVs in the field (as demonstrated by presence of antibodies and virus detection). 2. In experimental infection studies, infection in columbids can be induced using low to medium titers of virus, but the birds would usually not show clinical signs, even when infected with HPAI strains. ''Resistant to infection'' is a term that must be used with caution. Rather, they are susceptible to infection, but ineffective propagators and disseminators of the virus. A ''dead end'' host would be a more apt description. 3. Virus will be shed in minute quantities from both the choana and in the feces for a short duration but titers are below the minimum threshold require to infect other species. 4. Innate viral resistance mechanisms in columbids are at play. These represent enticing research avenues. 5. Where possible, the brain is the best sample for testing when AIV is suspected, even though the bird may not be clinically ill or shedding virus. 6. For serological detection, more sensitive methods such as cELISA, HI using RDE and DAS ELISA are recommended. 7. For virus detection, nested RT-PCR and real-time RT-PCR are sensitive methods that may be used for screening and positives can be inoculated into eggs of cell culture systems. 8. Using excessive titers of HPAI virus >10 6 EID 50 in challenge experiments will induce clinical signs and death, but this is likely due to cellular damage from inflammatory processes. 9. Clade differences in viral replication fitness exist, even within serotypes, and must be taken into consideration. 10. Vertical transmission in columbids has not been experimentally investigated and this should be done to conclusively exclude this as an infection route, however unlikely it may seem.
Thus, any significant role that columbids may play in disseminating avian influenza is more likely to be via the mechanical route, as fomites on their feet and feathers by contaminated environmental sources, or scavenging of dead columbids. Suitable quarantine periods (Article 10.4.1 of the OIE Terrestrial code defines the incubation period of NAI to be 21 days) and proper biosecurity should mitigate any unforeseen risks for legally-traded pigeon imports with regard to avian influenza. However, AIV as a pathogen is notorious for evolving to adapt to new hosts and transmission mechanisms, and ongoing surveillance of columbids should be included in surveillance programs.
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